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ABSTRACT 
In this study, the impact strength of notched specimens of polymeric materials was studied by using high speed tensile test. Focusing on 
the strain rate at the notch root, the final fracture elongation was expressed in terms of the time-temperature superposition principle. Fracture 
behavior under various impact speed and temperature can be predicted by mean of the obtained master curves. The validity of the elastic strain 
rate concentration factor was confirmed through elastic-plastic analyses for both polycarbonate and polydimethylsiloxane copolymerized 
polycarbonate. It is found that the strain rate concentration factor can be estimated from the stress concentration factor for flat test specimens. 
Keywords Impact strength, Strain rate concentration factor, Dynamic stress, Stress concentration factor, Polycarbonate, Time-temperature 
superposition principle, Notched specimen 
Nomenclature 
A = Material constant value = 108[s-1] 
𝑎𝑎𝑇𝑇 = shift factor 
D = Maximum specimen diameter 
D = Minimum specimen diameter 
E = Minimum mesh size 
𝐾𝐾𝑡𝑡  = Net stress concentration factor 
𝐾𝐾𝑡𝑡∗ = Gross stress concentration factor = 𝐾𝐾𝑡𝑡 ∙ (𝐷𝐷 𝑑𝑑⁄ )2 
𝐾𝐾𝑡𝑡?̇?𝜀 = Strain rate concentration factor 
L = Specimen length 
l' = Specimen length at fracture 
l/D = Relative specimen length 
P = Applied load 
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 = Maximum load obtained from the tensile test 
R = Strain rate-temperature parameter 
u(t) = Displacement applied to the specimen end 
u(t)/t = Tensile speed assuming u(t) is proportional to the time 
t = Notch depth 
2t/D = Relative notch depth 
T = Temperature 
𝜀𝜀?̇?𝑚𝑚𝑚𝑚𝑚𝐸𝐸  = elastic maximum strain rate 
𝜀𝜀𝑏𝑏 = nominal fracture strain 
𝜀𝜀?̇?𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑡𝑡 = elastic-plastic fracture strain rate at the notch 
𝜀𝜀?̇?𝑚𝑚𝑚𝑚𝑚𝐸𝐸−𝑃𝑃 = elastic-plastic maximum strain rate 
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1. Introduction 
Polymeric materials have been widely used in different engineering fields because of their low cost 
and appropriate properties [1] although sometimes they show a complex behavior depending on 
temperature, pressure and strain rate [2-3]. In order to use those materials under different conditions, 
the time-temperature superposition principle was applied to predict creep properties as well as elastic 
modulus under various temperatures and strain rates [4-7]. Although several works studied the impact 
properties and strength under different temperature and pressure [8-14], few studies considered different 
impact speed values which largely affect the strength. It should be noted that the impact speeds of Izod 
and Charpy tests are usually too fast for most of industrial applications. In our previous study, therefore, 
elastic strain rate at the notch root was analyzed under a high-speed tensile test (Fig. 1). Then, the master 
relationship for the final fracture elongation was derived for polycarbonate (PC) for various impact 
speeds and temperatures in terms of the time-temperature superposition principle [15-16].  
In this study, firstly, the elastic and elastic-plastic analyses will be compared by considering the 
plastic behavior of polymeric materials. Then, the validity of elastic strain rate concentration factor for 
𝜀𝜀𝑛𝑛𝑛𝑛𝑚𝑚 = nominal strain =∆𝐿𝐿/𝐿𝐿,  ∆𝐿𝐿=elongation 
𝜀𝜀?̇?𝑐𝑛𝑛𝑛𝑛𝑝𝑝𝑡𝑡𝑝𝑝𝑚𝑚𝑛𝑛𝑛𝑛𝑡𝑡ℎ = converged strain rate of smooth specimen 
𝜀𝜀?̇?𝑚𝑚𝑚𝑚𝑚 = Maximum strain rate 
𝜀𝜀?̇?𝑛𝑛𝑛𝑚𝑚 = Nominal strain rate 
𝜀𝜀?̇?𝑛𝑛𝑛𝑡𝑡𝑐𝑐ℎ = Strain rate in notched specimen 
𝜀𝜀?̇?𝑝𝑚𝑚𝑛𝑛𝑛𝑛𝑡𝑡ℎ = Strain rate in smooth specimen 
𝜎𝜎𝐵𝐵𝑛𝑛𝑛𝑛𝑡𝑡𝑐𝑐ℎ = Tensile strength on the notch root 
𝜎𝜎𝑔𝑔𝑔𝑔𝑛𝑛𝑝𝑝𝑝𝑝 = Gross tensile stress = 𝜎𝜎𝑛𝑛𝑛𝑛𝑡𝑡 ∙ (𝑑𝑑 𝐷𝐷⁄ ) 
𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 = Maximum stress 
𝜎𝜎𝑛𝑛𝑛𝑛𝑡𝑡 = Net nominal stress = 𝑃𝑃 𝐷𝐷⁄  
𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸−𝑃𝑃 = elastic-plastic maximum stress 
𝜎𝜎𝑛𝑛𝑛𝑛𝑚𝑚 = nominal stress  
𝜎𝜎𝑝𝑝𝑡𝑡𝐸𝐸  = =elastic static stress 
𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸−𝑃𝑃 − 𝜎𝜎𝑝𝑝𝑡𝑡𝐸𝐸−𝑃𝑃 = elastic-plastic maximum dynamin stress  
𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸  = elastic maximum stress 
𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸 − 𝜎𝜎𝑝𝑝𝑡𝑡𝐸𝐸  = elastic maximum dynamic stress 
𝜎𝜎𝑦𝑦𝑦𝑦 = dynamic stress at notch root A 
𝜎𝜎𝑝𝑝𝑡𝑡𝐸𝐸−𝑃𝑃 = elastic-plastic static stress 
𝜔𝜔 = Notch opening angle  
𝜌𝜌 = Notch root radius 
2𝜌𝜌/D = Relative notch radius 
                               
polymeric materials will be examined since in the previous study [15] elastic stress-strain relation was 
simply assumed. This discussion is useful because polymeric materials have non-linear stress-strain 
relationship depending on tensile speed [17-19], although elastic analysis can be used much more 
conveniently. Coming up next, the elastic strain concentration factor will be studied by varying the 
notch geometry. Then, the relationship between the strain rate concentration factor and stress 
concentration factor will be discussed. This discussion is useful for estimating the strain rate 
concentration factors since many works studied the stress concentration factors instead. This study is 
focusing on the flat notched test specimens as they are usually used for polymeric material testing. 
<Insert Fig.1 Here> 
 
2. Comparison between elastic analysis and elastic-plastic analysis for strain rate concentration 
2.1 FEM modelling for elastic-plastic analysis 
MSC Marc/Mentat 2012 FEM software [20] was used to carry out FEM elastic-plastic analysis in this 
study. Polycarbonate (PC) was selected as material due to its high impact strength among the polymeric 
materials. Polycarbonate has non-linear stress-strain relationship regarding the tensile speed as it is 
shown in Fig. 2. Fig. 2 is based on experimental results. Since the results have some variations even 
under the same tensile speed, the stress-strain curves are slightly corrected to be used in elastic dynamic 
analysis in the 0≤ 𝜀𝜀𝑛𝑛𝑛𝑛𝑚𝑚 ≤0.1 range. By considering the plastic behavior of PC, the elastic and elastic-
plastic analyses will be compared. This discussion is useful because elastic analysis is more convenient 
although polymeric materials usually have non-linear stress-strain relationship [17-19]. In this study, as 
it is shown in Fig. 2, the stress-strain curves experimentally obtained at room temperature were used. 
Isotropic PC manufactured by Idemitsu [21] was used. As it is an isotropic material, Mises yield condition 
can be used [22] although the yielding of PC is pressure dependent [23]. As it is shown in Fig. 2, the 
experimental behavior in the elastic zone is almost the same until values of nominal strain close to 0.02, and 
the elastic modulus is almost constant and independent of the strain rate. Therefore, in this study, Young's 
modulus E=2.3GPa with Poisson's ratio ν=0.37 [15, 16] specified in JIS K 7161 and 7162[24, 25] were used. 
 
<Insert Fig.2 Here> 
 
Fig. 3(a) shows the geometry of the specimen used in this analysis. Dimensions of notch root were: radius 
of 𝜌𝜌 = 0.2𝑚𝑚𝑚𝑚 or 𝜌𝜌 = 0.03𝑚𝑚𝑚𝑚, notch depth of 𝑡𝑡 = 5𝑚𝑚𝑚𝑚 and opening angle of 90°. The notch root 
                               
radius  𝜌𝜌 = 0.03𝑚𝑚𝑚𝑚 corresponds to the radius of the typical fillet that appears in the polymer materials. 
While the notch root radius ρ=0.2mm corresponds to the radius of the notched specimens used in the Izod 
and Charpy tests. 
 
Fig. 3(b) shows FEM models with notch root radius  𝜌𝜌 = 0.2𝑚𝑚𝑚𝑚. Fig 3(c) shows the mesh detail of 
the notch root. Minimum mesh size of the notch root was 𝑒𝑒 = 𝜌𝜌/243. The static stress concentration factor 
obtained by model of Fig. 3(b) coincides with the result in [26] within 1% error. In the dynamic analysis, 
time step interval also affects the accuracy of the results. In this analysis, the time step 1×106 is found to be 
enough to obtain 3-digit-accuracy [27]. In a transient dynamic analysis, damping represents the dissipation 
of energy in the structural system. In FEM code MSC Marc/Mentat 2012, the program bases integration on 
the usual assumption that the damping matrix of the system is a linear combination of the mass and stiffness 
matrices. A 4-node linear axisymmetric quad element with the mesh size of 5×5 mm was adopted for the 
transient-static simulation. Moreover, the multi-frontal sparse solver was used. Element damping uses 
coefficients on the element matrices which are represented by the equation (1). 
 
[𝐶𝐶] = 𝛼𝛼[𝑀𝑀] + 𝛽𝛽[𝐾𝐾]               (1) 
 
 
<Insert Fig.3 Here> 
 
Where [C] is the global damping matrix, [M] is the mass matrix and [K] is the stiffness matrix. Because 
the same damping coefficients were used throughout the structure, the following equation can be used to 
obtain the mass damping coefficient 𝛼𝛼, and the usual stiffness damping coefficient 𝛽𝛽. The mass damping 





+ 𝛽𝛽𝜔𝜔�               (2) 
 
Where ζ is the damping ratio and 𝜔𝜔 is the frequency which can be calculated by FEM.  
 
2.2 Elastic-plastic strain rate in comparison with elastic strain rate  
Fig. 4 shows the forced displacement 𝑢𝑢(𝑡𝑡) given at the end of the specimen in Fig.3. 5 cases ①~⑤ 
are considered as it is shown in Table 1, where the tensile speed and the maximum forced displacement 
                               
applied at the fixed specimen end are observed.  
 
<Insert Table 1 Here> 
<Insert Fig.4 Here> 
<Insert Fig.5 Here> 
 
Fig 5(a) shows the elastic-plastic strain rate at notch root A in Case 3. As it is shown in Fig. 5(a), the 
maximum strain rate under plane strain is about half of the maximum strain rate under plane stress. In this 
paper, the maximum strain rate 𝜀𝜀?̇?𝑚𝑚𝑚𝑚𝑚𝐸𝐸−𝑃𝑃 will be focused to explain the experimental results. In comparison 
with the elastic strain rate shown in Fig.5 (b), the elastic-plastic strain rate is much larger. The detailed 
discussion is indicated in Appendix A. 
 
Fig. 6 shows the relationship between the maximum strain rate at the notch root  𝜀𝜀?̇?𝑚𝑚𝑚𝑚𝑚 and the stress 
rate at the notch root ?̇?𝜎𝑚𝑚𝑚𝑚𝑚𝑚  when ρ = 0.2mm and 0.03mm. The elastic maximum strain rate 𝜀𝜀?̇?𝑚𝑚𝑚𝑚𝑚𝐸𝐸  is 
controlled by the stress rate ?̇?𝜎𝑚𝑚𝑚𝑚𝑚𝑚, and it is independent of the notch root radius ρ . The results for another 
notch root radius ρ  can be predicted from Fig. 6 if the dynamic stress rate at the notch root ?̇?𝜎𝑚𝑚𝑚𝑚𝑚𝑚 can be 
calculated.  
 
<Insert Fig.6 Here> 
 
On the other hand, the relationship between the elastic-plastic lines in Fig. 6 depends on the notch root 
radius ρ . Although the elastic-plastic maximum strain rate 𝜀𝜀?̇?𝑚𝑚𝑚𝑚𝑚𝐸𝐸−𝑃𝑃 is proportional to the stress rate ?̇?𝜎𝑚𝑚𝑚𝑚𝑚𝑚, 
the results for ρ = 0.2mm and 0.03mm are found in different ρ lines as can be seen in Fig. 6. Results and 
elastic analysis are convenient since the results can be used for another notch root radius ρ as also it is shown 
in Fig. 6. 
 
Fig. 7 shows the experimental relationship between nominal stress and nominal strain of polycarbonate, 
obtained when the tensile speed is in the range / 100 / 7000 /u t mm s mm s= − at low temperature 243K, with 
notch root radius 0.2mmρ = . Nominal stress 𝜎𝜎𝑛𝑛𝑛𝑛𝑚𝑚 is defined as the tensile load divided by the minimum 
                               
cross section area of the specimen. Nominal strain 𝜀𝜀𝑛𝑛𝑛𝑛𝑚𝑚 is defined as the elongation of notched specimen
L∆  divided by the gauge length 50L mm= . When / 100 /u t mm s= , the fracture appears at  σnom =
100MPa and 𝜀𝜀𝑛𝑛𝑛𝑛𝑚𝑚 = 5% , and no clear yielding behavior is observed. At / 350 /u t mm s= , the fracture 
stress and strain are lower than those at / 100 /u t mm s= . This is due to the nature of the viscoelastic materials, 
which mechanical properties depend on both temperature and strain rate [28]. 
 
<Insert Fig.7 Here> 
 
Over / 3500 /u t mm s= , the fracture strain 𝜀𝜀𝑏𝑏 decreases significantly to 𝜀𝜀𝑏𝑏 <2.5% and becomes only half 
of  𝜀𝜀𝑏𝑏=5.2% at / 100 /u t mm s= . SEM micrographs (Fig. 8) show that brittle fracture surface appears at 
/ 3500 /u t mm s= . Therefore, brittle fracture appears over / 3500 /u t mm s= , and ductile fracture appears below 
/ 100 /u t mm s=  at 243K of temperature. In Fig. 8(a), near the notch root, curved pattern is different from the 
one in Fig. 8(b) where brittle fracture can be seen. 
Fig. 8 shows the SEM micrographs of the fracture surface of polycarbonate at / 3500 /u t mm s= by 
comparing results at 296K and 243K. From Fig. 8(a) and (b), it is seen that brittle fracture appears at 243K 
and ductile fracture appears at 296K when tensile speed is / 3500 /u t mm s= .  
 
<Insert Fig.8 Here> 
 
Depending on the test temperature and tensile speed, brittle or ductile fractures are observed for 
polycarbonate. In this paper, therefore, both impact speed and temperature effects on the impact strength are 
discussed in terms of the time-temperature superposition principle. Although many studies have been carried 
out for the impact strength of PC, the relationship between the impact speed and the temperature has not 
been clarified yet. Fig. 9 shows the relationship between the nominal fracture strain  𝜀𝜀𝑏𝑏 and the notch root 
strain rate 𝜀𝜀?̇?𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑡𝑡 based on elastic-plastic analysis under various temperatures. The nominal fracture strain 
𝜀𝜀𝑏𝑏 is defined by 𝜀𝜀𝑏𝑏 = (𝑙𝑙′ − 𝑙𝑙)/𝑙𝑙. Here, 𝑙𝑙′ is the specimen length at fracture and 𝑙𝑙.is the gauge length of 
the specimen. In this work polycarbonate (PC) and polydimethylsiloxane copolymerized polycarbonate 
(PDMS-PC) are compared by using the high speed tensile test. Although PC shows brittle fracture under 
high strain-rate or low temperature, PDMS-PC always shows ductile fracture with larger 𝜀𝜀𝑏𝑏, as is shown 
in Fig. 9(b) [16,29]. 
 
                               
<Insert Fig.9 Here> 
 
Fig. 10 and Fig. 11 show the master curves obtained by the elastic [15, 16] and elastic-plastic analyses. 
Here, the x-axis shows the reduced strain rate, which is defined by  𝑎𝑎𝑇𝑇 ∙  𝐾𝐾𝑡𝑡𝑝𝑝 ∙  𝜀𝜀?̇?𝑛𝑛𝑛𝑚𝑚 for elastic analysis and 
 𝑎𝑎𝑇𝑇 ∙  𝜀𝜀?̇?𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑡𝑡 for elastic plastic analysis. Fracture behavior is investigated by focusing on the nominal fracture 
strain. The notch root radius 𝜌𝜌 = 0.2𝑚𝑚𝑚𝑚 of Fig.1 is equal as Izod and Charpy tests. The fracture of PC is 
always ductile if the nominal fracture strain 𝜀𝜀𝑏𝑏 is higher than 0.05. While the fracture of PC is always brittle 
if 𝜀𝜀𝑏𝑏 is less than 0.03. And therefore, the nominal strain 𝜀𝜀𝑏𝑏 is good enough to characterize the brittle-
ductile transition. The brittle-ductile behaviour can be predicted for the wide range of impact speed and 
temperature from the master curves in Fig. 10 and Fig.11. The final fracture elongation for PC and PDMS-
PC is expressed as the elastic-plastic strain rate at the notch in conjunction with shift factors 𝑎𝑎𝑇𝑇. In Fig. 10 
and Fig. 11, the shift factors 𝑎𝑎𝑇𝑇 are determined by assuming the reference temperature of 𝑇𝑇0=296K. Then, 
the empirical constants are obtained as  𝐶𝐶1=0.71,  𝐶𝐶2=63.4 for PC and 𝐶𝐶1=1.02,  𝐶𝐶2=107.9 for PDMS-PC 
with equation (8) (see Appendix B). It should be noted that the shift factor  𝑎𝑎𝑇𝑇 with constants 𝐶𝐶1,  𝐶𝐶2 in 
Fig. 10 and Fig. 11 coincides with each other. The brittle-ductile fracture transition for PC appears at  𝑎𝑎𝑇𝑇 ∙
 𝐾𝐾𝑡𝑡𝑝𝑝 ∙  𝜀𝜀?̇?𝑛𝑛𝑛𝑚𝑚 ≅ 103  in Fig. 10(a) and at  𝑎𝑎𝑇𝑇 ∙  𝜀𝜀?̇?𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑡𝑡 ≅ 104  in Fig. 10(b). The transition value of the 
reduced strain rate in Fig. 10(b) is 10 times larger than the one in Fig. 10(a). However, both master curves 
are useful for predicting the brittle-ductile fracture transition behavior for the wide ranges of impact speed 
and temperature. This difference is caused by the larger plastic strain in elastic-plastic model; therefore, 
under a certain value of nominal stress, larger values of strain appear as can be seen in Fig. 12. The fracture 
behavior can be predicted for the wide ranges of impact speed and temperature from the master curve. 
Therefore, it is confirmed that the master curve based on elastic analysis is valid and the elastic analysis is 
useful. In other words, the fracture behavior of polycarbonate is controlled by the elastic strain rate at the 
notch root. By using the master curves in Fig. 10 and Fig. 11, we can predict brittle or ductile fracture 
uniquely. There is no alternative method under different temperature and impact speed. The detail discussion 
based on the elastic analysis is indicated in Appendix B. 
 
<Insert Fig.10 Here> 
<Insert Fig.11 Here> 
<Insert Fig.12 Here> 
 
                               
3. Elastic strain rate concentration factor for notched flat specimen 
3.1 Definition of strain rate concentration factor 
    Since the validity was confirmed in the previous section, the elastic strain rate concentration factor is 
studied for the notched plate specimens used for polymeric materials. Following JIS Z 2241, Fig.13 is 
considered with specimen width of D=8mm and notch opening angle of ω = 45°, to be compared with the 
round test specimen [30].  
 
<Insert Fig.13 Here> 
 
It is assumed that the notch root radius are ρ=0.25mm and ρ=2mm, while the notch depth varies from 
t=1mm to t=3.96mm. ρ=0.25mm corresponds to the notch root radius of the specimen in Charpy impact test. 
The strain rates in notched and smooth specimen  ?̇?𝜀𝑛𝑛𝑛𝑛𝑡𝑡𝑐𝑐ℎ, 𝜀𝜀?̇?𝑝𝑚𝑚𝑛𝑛𝑛𝑛𝑡𝑡ℎ increase with increasing the tensile 
speed. However, the ratio 𝐾𝐾𝑡𝑡?̇?𝜀 =𝜀𝜀?̇?𝑛𝑛𝑛𝑡𝑡𝑐𝑐ℎ/ 𝜀𝜀?̇?𝑝𝑚𝑚𝑛𝑛𝑛𝑛𝑡𝑡ℎ is always constant regardless of the tensile speed [23] as 
it is shown in Fig. C3 of the Appendix C. 
The strain rate in smooth specimen in Fig. 13 (b) is expressed as it is shown in equation (3). So the strain 
rate at the notch root 𝜀𝜀?̇?𝑛𝑛𝑛𝑡𝑡𝑐𝑐ℎ in Fig.13 (a) can be obtained from the tensile speed 
𝑢𝑢(𝑡𝑡)
𝑡𝑡
, and the strain rate 
concentration factor 𝐾𝐾𝑡𝑡?̇?𝜀. 𝑢𝑢(𝑡𝑡) is the displacement applied to the specimen end, which it is assumed to be 




                                            (3) 
 
 𝜀𝜀?̇?𝑛𝑛𝑛𝑡𝑡𝑐𝑐ℎ = 𝐾𝐾𝑡𝑡?̇?𝜀 ∙ 𝜀𝜀?̇?𝑝𝑚𝑚𝑛𝑛𝑛𝑛𝑡𝑡ℎ = 𝐾𝐾𝑡𝑡?̇?𝜀 ∙
𝑢𝑢(𝑡𝑡)/𝑝𝑝
𝑡𝑡





                       (5) 
 
3.2 Effect of the specimen length on the strain rate concentration factor 
It is known that the stress concentration coefficient 𝐾𝐾𝑡𝑡 does not depend on the specimen length 𝑙𝑙 if 
the specimen length is long enough as 𝑙𝑙 𝐷𝐷⁄ ≥ 1. However unlike of 𝐾𝐾𝑡𝑡, the strain rate concentration factor 
𝐾𝐾𝑡𝑡?̇?𝜀 depends on the relative specimen length l / D [23]. This is because the nominal strain rate variation 
depends on the specimen length. Note that strain rate concentration factor is independent of strain rate as it 
is shown in Fig.C3 in Appendix C. Table 2 shows the strain rate concentration factor 𝐾𝐾𝑡𝑡?̇?𝜀 by varying the 
                               
specimen length 𝑙𝑙 under fixed 𝐷𝐷 = 8 mm. In Table 2, the relative notch root radius is fixed as 2𝜌𝜌 𝐷𝐷⁄ =
0.0625  and 2𝜌𝜌 𝐷𝐷⁄ = 0.5, then the relative specimen length 𝑙𝑙 𝐷𝐷⁄  is changed from 1 to 2560. Furthermore, 
the notch depth t is changed as 𝑡𝑡 = 0.0625，0.25，1，2mm. 
 
<Insert Table 2 Here> 
 
In Table 2, the surrounded portion by the frame indicates the range where the difference of 𝐾𝐾𝑡𝑡?̇?𝜀 is 
within 1%. In Table 3 the stress concentration factors 𝐾𝐾𝑡𝑡 and 𝐾𝐾𝑡𝑡∗ = 𝐾𝐾𝑡𝑡 ∙ (𝐷𝐷 𝑑𝑑⁄ ) are compared. The stress 
concentration factor 𝐾𝐾𝑡𝑡 is defined by 𝐾𝐾𝑡𝑡 = 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚/𝜎𝜎𝑛𝑛𝑛𝑛𝑡𝑡 as it is shown in equation (6), based on the nominal 
stress 𝜎𝜎𝑛𝑛𝑛𝑛𝑡𝑡 = 𝑃𝑃/𝑑𝑑 at the minimum cross section. In this study, we use 2D model with 1mm of thickness. 
On the other hand, the stress concentration factor 𝐾𝐾𝑡𝑡∗ is defined by equation (7) based on the gross tensile 
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<Insert Table 3 Here> 
 
In Fig. 14 the strain rate concentration factor 𝐾𝐾𝑡𝑡?̇?𝜀 and the stress concentration factor 𝐾𝐾𝑡𝑡∗   are compared 
by varying the relative specimen length 𝑙𝑙/𝐷𝐷. In Fig. 14, it is seen that the results for 2𝜌𝜌 / 𝐷𝐷 = 0.0625 are 
always larger than the results for 2𝜌𝜌 / 𝐷𝐷 =  0.5, and they vary depending on 2𝑡𝑡 / 𝐷𝐷 similar to the stress 
concentration factor 𝐾𝐾𝑡𝑡∗ . Although 𝐾𝐾𝑡𝑡∗  = constant and it is independent of the specimen length, 𝐾𝐾𝑡𝑡?̇?𝜀 
increases with increasing specimen length l, and also becomes constant.  
 
In Fig. 15 𝐾𝐾𝑡𝑡?̇?𝜀 and 𝐾𝐾𝑡𝑡∗  between the round specimen and plate specimen are compared [25]. The 
geometry size of both round specimen and plate specimen is the same as it is shown in Fig.13. From Fig. 15, 
it is known that the values of 𝐾𝐾𝑡𝑡∗ and 𝐾𝐾𝑡𝑡?̇?𝜀 of the round specimen are always larger than the values of 𝐾𝐾𝑡𝑡∗ 
and 𝐾𝐾𝑡𝑡?̇?𝜀 of the plate specimen.  
 
<Insert Fig.14 Here> 
<Insert Fig.15 Here> 
                               
 
3.3 Relationship between the strain rate concentration factor and the stress concentration factor 
By considering JIS Z 2241 that prescribes the tensile test specimen of Fig.13, specimen length of l=40mm 
and diameter of D=8mm are selected in this section. 
 
<Insert Fig.16 Here> 
 
The results of the strain rate concentration factor 𝐾𝐾𝑡𝑡?̇?𝜀 are shown in Table 3 and Fig. 16(a) by varying the 
relative notch depth 2𝑡𝑡 𝐷𝐷⁄  for fixed relative notch radius 2ρ / D = 0.0625 and 2ρ / D = 0.5. 2ρ / D = 0.0625 
corresponds to the notch radius ρ=0.25mm of the specimen used in the Charpy impact test. ρ=2mm with 
D=8mm correspond to the typical notch root radius when polymer materials are used as structural 
components. As it is shown in Fig. 16(a), the strain rate concentration factor increases with the increment of 
the relative notch depth. Results for the stress concentration factors 𝐾𝐾𝑡𝑡 are indicated in Table 3 and Fig. 
16(b). 
 
The stress concentration factor of notched specimen is usually defined as 𝐾𝐾𝑡𝑡 = 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚/𝜎𝜎𝑛𝑛𝑛𝑛𝑡𝑡 based on the 
net nominal stress 𝜎𝜎𝑛𝑛𝑛𝑛𝑡𝑡 = 𝑃𝑃/𝑑𝑑. Since 𝜎𝜎𝑛𝑛𝑛𝑛𝑡𝑡 → ∞ as 2𝑡𝑡 𝐷𝐷⁄ → 1, 𝐾𝐾𝑡𝑡 → 1 as 2𝑡𝑡 𝐷𝐷⁄ → 1. Under a fixed 
value of 2𝜌𝜌 𝐷𝐷⁄ , the results of 2𝑡𝑡 𝐷𝐷⁄ ＝0 correspond to the smooth specimen without notch.  
Fig. 17 shows the ratio 𝐾𝐾𝑡𝑡?̇?𝜀/𝐾𝐾𝑡𝑡  vs. 2𝑡𝑡 𝐷𝐷⁄ . When the relative notch depth 2𝑡𝑡 𝐷𝐷⁄ →1, the ratio 𝐾𝐾𝑡𝑡?̇?𝜀/𝐾𝐾𝑡𝑡 →
∞. Net stress concentration factor 𝐾𝐾𝑡𝑡 is defined in equation (6) from the maximum stress 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 and the 
net nominal stress 𝜎𝜎𝑛𝑛𝑛𝑛𝑡𝑡 at the minimum cross section. When the relative notch depth 2𝑡𝑡 𝐷𝐷⁄ →1, the strain 
rate concentration factor 𝐾𝐾𝑡𝑡?̇?𝜀 → ∞ but the net stress concentration factor 𝐾𝐾𝑡𝑡 →1. Therefore, the gross 
stress concentration factor 𝐾𝐾𝑡𝑡∗ is defined in equation (7) from the maximum stress 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚  and the gross 
tensile stress 𝜎𝜎𝑔𝑔𝑔𝑔𝑛𝑛𝑝𝑝𝑝𝑝. When the relative notch depth 2𝑡𝑡 𝐷𝐷⁄ →1, the strain rate concentration factor 𝐾𝐾𝑡𝑡∗ → ∞. 
When the relative notch depth 2𝑡𝑡 𝐷𝐷⁄ ≤ 0.5, the strain rate concentration factor 𝐾𝐾𝑡𝑡?̇?𝜀  and the net stress 
concentration factor 𝐾𝐾𝑡𝑡 are nearly the same. 
Then, the relationship between the strain rate concentration factor 𝐾𝐾𝑡𝑡?̇?𝜀 and the gross stress concentration 
factor  𝐾𝐾𝑡𝑡∗ is investigated. 
 
<Insert Table 4 Here> 
 
                               
Table 4 and Fig. 18 show the relationship between the ratio 𝐾𝐾𝑡𝑡?̇?𝜀/𝐾𝐾𝑡𝑡∗ and the relative notch depth 2𝑡𝑡 𝐷𝐷⁄ . 
The value of 𝐾𝐾𝑡𝑡?̇?𝜀 /𝐾𝐾𝑡𝑡∗ is nearly the same for 2𝜌𝜌 𝐷𝐷 = 0.0625⁄  and 2𝜌𝜌 𝐷𝐷⁄ = 0.5 with about 2% error. 
Therefore, it is found that the value of 𝐾𝐾𝑡𝑡?̇?𝜀/𝐾𝐾𝑡𝑡∗ is almost the same for 2ρ D⁄  = 0.0625 and 2𝜌𝜌 𝐷𝐷⁄  = 0.5, 
when the relative notch depth 2𝑡𝑡 𝐷𝐷⁄ ≤0.5. InFig.18, it can be seen that the value of 𝐾𝐾𝑡𝑡?̇?𝜀/𝐾𝐾𝑡𝑡∗ is insensitive 
to the notch root radius in the range of 2𝑡𝑡 𝐷𝐷⁄ ≤0.5. By using this fact, the strain rate concentration factor 𝐾𝐾𝑡𝑡?̇?𝜀 
can be estimated from the gross stress concentration factor  𝐾𝐾𝑡𝑡∗ 
Table 5 shows the results of 𝐾𝐾𝑡𝑡?̇?𝜀/𝐾𝐾𝑡𝑡 when 2𝑡𝑡/𝐷𝐷 = 0.015625, 0.0625, 0.25 and 0.5. As can be seen 
in Table 5, the value of  𝐾𝐾𝑡𝑡?̇?𝜀/𝐾𝐾𝑡𝑡 is controlled by 2𝑡𝑡/𝐷𝐷 insensitive of 2𝜌𝜌 𝐷𝐷⁄ . When 2𝑡𝑡/𝐷𝐷 = 0.015625 
the ratio  𝐾𝐾𝑡𝑡?̇?𝜀/𝐾𝐾𝑡𝑡 ≅1 ( 𝐾𝐾𝑡𝑡?̇?𝜀/𝐾𝐾𝑡𝑡 = 0.999) for both 2ρ / D = 0.2 and 2ρ / D = 0.0625. It is seen that  𝐾𝐾𝑡𝑡?̇?𝜀/𝐾𝐾𝑡𝑡 
→ 1 as 2𝑡𝑡/𝐷𝐷 → 0. 
 
<Insert Table 5 Here> 
<Insert Fig.17 Here> 
<Insert Fig.18 Here> 
 
3.4 Effect of the notch opening angle 
Notch opening angle of ω = 90° was considered in previous study [15], while in this paper notch 
opening angle of ω = 45° is selected. Therefore, according to the Fig. 1 the effect of the opening angle 
ω on the strain rate concentration factor is studied in this work.  Radius of 𝜌𝜌 = 0.2 mm, specimen width 
of 𝐷𝐷 = 20 mm and specimen length of 𝑙𝑙 = 50 mm are assumed. 
Table 6 shows the stress concentration factors 𝐾𝐾𝑡𝑡 and 𝐾𝐾𝑡𝑡∗, and the strain rate concentration factor 
𝐾𝐾𝑡𝑡?̇?𝜀  for different opening angles: ω = 0°，45°，60°，90° . With increasing ω , values of 𝐾𝐾𝑡𝑡 
,𝐾𝐾𝑡𝑡∗ 𝑎𝑎𝑎𝑎𝑑𝑑𝐾𝐾𝑡𝑡?̇?𝜀  decrease in a similar way since all normalized values 𝐾𝐾𝑡𝑡 𝐾𝐾𝑡𝑡⁄ |𝜔𝜔=0° ,  𝐾𝐾𝑡𝑡∗ 𝐾𝐾𝑡𝑡∗⁄ |𝜔𝜔=0° , 
  𝐾𝐾𝑡𝑡?̇?𝜀 𝐾𝐾𝑡𝑡?̇?𝜀⁄ |𝜔𝜔=0° are in good agreement under the same ω. Therefore, the ratios 𝐾𝐾𝑡𝑡?̇?𝜀/𝐾𝐾𝑡𝑡 and 𝐾𝐾𝑡𝑡?̇?𝜀/𝐾𝐾𝑡𝑡∗ are 
almost constant and independent of ω. The strain rate concentration factors for ω = 0°~90° can be 
estimated from the stress concentration factors for ω = 0°~90°. The effect of the opening angle on the 
stress concentration factor was investigated in detail in [24]. 
 
<Insert Table 6 Here> 
 
 
                               
4. Conclusions 
In this study, the elastic strain rate concentration factor is considered in order to predict the impact 
properties for polycarbonate (PC) and polydimethylsiloxane copolymerized polycarbonate (PDMS-PC) 
in the wide range of impact speed and temperature. The strain rate is focused as a significant factor by 
using time-temperature superposition principle. Conclusions can be made in the following way: 
(1) The master curves for the final fracture elongations for PC and PDMS-PC can be expressed by using 
the elastic strain rate as well as the elastic-plastic strain rates at the notch. Both master curves are useful to 
evaluate impact strength of polymers. 
(2) Since the master curve based on the elastic strain rate is simple and useful, the elastic strain rate is 
sufficient to capture the rate effects. In previous work [15], the elastic stress-strain relation is simply assumed 
being the validity confirmed in this study. 
(3) The fracture behavior can be predicted for the wide ranges of impact speed and temperature from the 
master curve. Although PC shows brittle fracture under high strain-rate or low temperature, PDMS-PC 
always shows ductile fracture for the wide range of strain rate and testing temperature analyzed in this 
work.  
(4) It is found that the elastic strain rate concentration factor can be estimated from the stress concentration 




The authors gratefully acknowledge the members of our group, Mr Hongbin ZHENG, and Mr Ken 




[1] Zhang F, Jiang J, Jiang H, Kang C, Lu G. Accelerated ratcheting testing of polycarbonate using the 
time-temperature-stress equivalence method. Polym. Test. 2015;44; 8–14. 
 
[2] Wang W, Lu B, Tan H, Chen G. Strength of damaged polycarbonate after fatigue. Theor. Appl. Fract. 
Mech. 2013;39; 163–169. 
 
                               
[3] Balieu E, Lauro R, Bennani F, Haugou B, Chaari G, Matsumoto F, Mottola T. Damage at high strain 
rates in semi-crystalline polymers. Int. J. Impact Eng. 2015;76; 1–8.  
 
[4] Luo T, Wang W, Hu C, Yang X, Long-term creep assessment of viscoelastic polymer by time-
temperature-stress superposition. Acta Mech. Solida Sin. 2012;25; 571–578. 
 
[5] Ho C H, Vu-Khanh T. Physical aging and time-temperature behavior concerning fracture performance 
of polycarbonate. Theor. Appl. Fract. Mech. 2004;41; 103–114. doi:10.1016/j.tafmec.2003.11.008. 
 
[6] Nevière R. An extension of the time--temperature superposition principle to non-linear viscoelastic solids. 
Int. J. Solids Struct. 2006;43; 5295–5306. 
 
[7] Rouleau F, Deü L, Legay JF, Le Lay A. Application of Kramers--Kronig relations to time--temperature 
superposition for viscoelastic materials. Mech. Mater. 2013;65; 66–75. 
 
[8] Xu W, Lu Y, Gao H, Zhang T. Predicting the low-velocity impact behavior of polycarbonate: Influence 
of thermal history during injection molding. Int. J. Impact Eng. 2015;86; 265–273.  
 
[9] Ho CH, Vu-Khanh T. Effects of time and temperature on physical aging of polycarbonate. Theor. Appl. 
Fract. Mech. 2003;39; 107–116. doi:10.1016/S0167-8442(02)00151-9. 
 
[10] Torres P, Frontini JP. Mechanics of polycarbonate in biaxial impact loading. Int. J. Solids Struct. 
2016;85; 125–133. 
 
[11] Duan M, Saigal Y, Greif A, Zimmerman R. Impact behavior and modeling of engineering polymers. 
Polym. Eng. & Sci. 2003;43; 112–124.  
 
[12] Vu-Khanh T. Impact fracture characterization of polymer with ductile behavior, Theor. Appl. Fract. 
Mech. 1994;21; 83–90. doi:10.1016/0167-8442(94)00027-1. 
 
[13] Vu-Khanh T. Time-temperature dependence in fracture behavior of high impact polystyrene. Theor. 
                               
Appl. Fract. Mech. 1998;29; 75–83. 
 
[14] Fraser I, Ward RAW. The impact fracture behaviour of notched specimens of polycarbonate. J. Mater. 
Sci. 1977;12; 459–468. 
 
[15] Noda NA, Ohtsuka H, Zheng H, Sano Y, Ando M, Shinozaki T, Guan W, Strain rate concentration and 
dynamic stress concentration for double-edge-notched specimens subjected to high-speed tensile loads. 
Fatigue Fract. Eng. Mater. Struct. 2015;38; 125–138.  
 
[16] Ando M, Noda NA, Kuroshima Y, Ishikawa Y, and Takeda H. Impact properties of 
polydimethylsiloxane copolymerized polycarbonate and application of the time-temperature 
superposition principle. Trans. Jpn. Soc. Mech. Eng. 80 (2014) 814–149.  
 
[17] Richeton J, Ahzi S, Vecchio KS, Jiang FC, Adharapurapu RR. Influence of temperature and strain 
rate on the mechanical behavior of three amorphous polymers: Characterization and modeling of the 
compressive yield stress. Int. J. Solids Struct. 2006;43; 2318-2335. 
 
[18] Chow TS. Prediction of stress-strain relationships in polymer composites. Polymer 1991;32; 29-33.  
 
[19] Park C, Huh H, Kim J, Ahn C. Determination of true stress–true strain curves of polymers at various 
strain rates using force equilibrium grid method. J. Compos. Mater. 2012;46; 2065-2077.  
 
[20] MSC. Software.1997 MARC Volume E: Demonstration Problems. USA: MARC Analysis Research 
Co. ; 1997. 
 
[21] TAFRON grade line up-General Purpose / Weather Resistance Polycarbonate. Idemitsu Kosan Co.,Ltd. 
http://www.idemitsu.com/products/petrochemicals/engineering/grade/natural/index.html 
 
[22] MSC. Software.2012 MARC Volume A: Theory and User Information. USA: MARC Analysis 
Research Co.; 2012. 
 
                               
[23] Ohji K. Yoshimura T, Kuroda K. The Effect of Hydrostatic Pressure on the Mechanical Behavior of 
Plastics. J. Soc. Mater. Sci., Jpn. 1973;23; 26-32. 
 
[24] JIS K7161 : 2014. Plastics-Determination of tensile properties - Part 1 : General principles. 
 
[25] JIS K7162 : 1994. Plastics-Determination of tensile properties – Part 2 : Test conditions for 
moulding and extrusion plastics. 
 
[26] Noda NA, Takase Y. Fatigue Notch Strength Useful for Machine Design. Japan: Nikkan Kogyo 
Shimbun Ltd.; 2010. 
 
[27] Naitoh M, Daimaruya M. The Dynamic Yield of Metallic Materials Under Impact Loading. J. Soc. 
Mater. Sci., Jpn. 1984;33; 801–807. 
 
[28] Drozdov AD. Effect of temperature on the viscoelastic and viscoplastic behavior of polypropylene. 
Mech. Time-Depend. Mat. 2010;14; 411-434.  
 
[29] Ishikawa I, Ogawa M, Narisawa H. Brittle fracture in glassy polymers. J. Macromol. Sci. Part B Phys. 
1981;19; 421–443. 
 
[30] Noda NA, Shen Y, Takaki R, Akagi D, Ikeda T, Sano Y, Takase Y. Relationship between strain rate 
concentration factor and stress concentration factor. Theor. Appl. Fract. Mech. 2017;90; 218–227. 
 
 
Appendix A: Elastic-plastic stress and elastic-plastic strain rate under the forced displacement of the 
cases ①－⑤ in Fig.4 
 
Fig. A1(a) and A1(b) show the elastic-plastic stress at the notch root A for 𝜌𝜌 = 0.2𝑚𝑚𝑚𝑚 in Cases ①-
⑤ according to Fig. 4. In Fig. A1 (a) and A1 (b), how the maximum dynamic stress 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸−𝑃𝑃 appears at 
almost the same time of the maximum forced displacement is shown. After reaching the maximum forced 
                               
displacement, the dynamic stress approaches the static stress 𝜎𝜎𝑝𝑝𝑡𝑡𝐸𝐸−𝑃𝑃as it is shown in Fig. A1 (c), (d) and (e), 
comparing the results of elastic and elastic-plastic analyses in Case 3. As it is shown in Fig. A1(c) and (d), 
the maximum dynamic stress under plane strain (𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸−𝑃𝑃 − 𝜎𝜎𝑝𝑝𝑡𝑡𝐸𝐸−𝑃𝑃)𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑛𝑛 𝑝𝑝𝑡𝑡𝑔𝑔𝑚𝑚𝑝𝑝𝑛𝑛 is 10% smaller than under 
plane stress (𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸−𝑃𝑃 − 𝜎𝜎𝑝𝑝𝑡𝑡𝐸𝐸−𝑃𝑃)𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑛𝑛 𝑝𝑝𝑡𝑡𝑔𝑔𝑛𝑛𝑝𝑝𝑝𝑝.  
 
<Insert Fig.A1 Here> 
 
 Fig. A2 shows the relationship between the tensile speed /u t  and  (𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸−𝑃𝑃 − 𝜎𝜎𝑝𝑝𝑡𝑡𝐸𝐸−𝑃𝑃)  for 
0.03mmρ =  and ρ = 0.2mm  in Case ①-⑤. It is seen that  (𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸−𝑃𝑃 − 𝜎𝜎𝑝𝑝𝑡𝑡𝐸𝐸−𝑃𝑃) is proportional to the tensile 
speed when / 5000 /u t mm s≤ . In Fig. 4 can be seen that both elastic and elastic-plastic maximum dynamic 
stresses  (𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸−𝑃𝑃 − 𝜎𝜎𝑝𝑝𝑡𝑡𝐸𝐸−𝑃𝑃) ,  (𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸 − 𝜎𝜎𝑝𝑝𝑡𝑡𝐸𝐸 ) can be predicted from the tensile speed in the range of 
/ 5000 /u t mm s≤ under the same notch radius. 
 
<Insert Fig.A2 Here> 
 
Fig. A3(a), (b), (c) and (d) show the strain rate at the notch root A for Cases ①－⑤ according to Fig. 
4. The strain rate increases drastically at the beginning of forced displacement. Then, after several 
oscillations, the strain rate increases gradually until the applied displacement is stopped. After stopping the 
applied displacement, the strain rate still increases drastically until the highest value is reached, then it 
eventually converges to zero. Therefore, it may be concluded that the strain rate is controlled by the tensile 
speed. 
 
<Insert Fig.A3 Here> 
 
Fig. A4 shows the relationship between the tensile speed 𝑢𝑢/𝑡𝑡 and the strain rate 𝜀𝜀̇ for 0.03ρ = and 0.2mm . 
It is seen that the maximum strain rate 𝜀𝜀?̇?𝑚𝑚𝑚𝑚𝑚 is proportional to the tensile speed when / 5000 /u t mm s≤ . Fig. 
A4 shows that the maximum strain rate 𝜀𝜀?̇?𝑚𝑚𝑚𝑚𝑚 is controlled by the tensile speed.  
 
<Insert Fig.A4 Here> 
 
                               
Appendix B : Elastic strain rate to predict the impact strength  
Depending on the test temperature and tensile speed, brittle or ductile fracture can be seen for polymeric 
materials. Fig. B1 shows the relationship between the nominal fracture strain 𝜀𝜀𝑏𝑏 and the notch root strain 
rate 𝐾𝐾𝑡𝑡𝜀𝜀 ∙ 𝜀𝜀?̇?𝑛𝑛𝑛𝑚𝑚  under various temperatures. Here, polycarbonate (PC) and polydimethylsiloxane 
copolymerized polycarbonate (PDMS-PC) are studied by using the high speed tensile test as it shown in Fig. 
1. The nominal fracture strain 𝜀𝜀𝑏𝑏 is defined by 𝜀𝜀𝑏𝑏 = (𝑙𝑙′ − 𝑙𝑙)/𝑙𝑙. Here, 𝑙𝑙′ is the specimen length at fracture. 
The notch root radius 𝜌𝜌 = 0.2𝑚𝑚𝑚𝑚 of Fig.1 is equal to the ones of Izod and Charpy tests. Although PC 
shows brittle fracture under high strain rate or low-temperature, PDMS-PC always shows ductile fracture 
with larger 𝜀𝜀𝑏𝑏 as it is shown in Fig. B1(b). PDMS-PC has appropriate impact ductility under temperatures 
below 243K, good chemical and heat resistance, as well as notch-insensitivity [16]. 
 
<Insert Fig.B1 Here> 
The time-temperature superposition principle was previously applied to predict creep properties and elastic 
modulus for polymeric materials [4-7]. The master curve for the final fracture elongation for polycarbonate 
is obtained in terms of the strain rate at the notch in conjunction with shift factors. The fracture behaviour 
can be predicted for the wide range of impact speed under various temperatures from the master curve. As 
it is shown in Fig. B2, the impact properties can be expressed in terms of the time-temperature superposition 
principle. Fig. B2 shows the master curves based on the previous elastic analysis. The final fracture 
elongation for PC and PDMS-PC can be expressed as the elastic strain rate at the notch in conjunction with 
shift factors 𝑎𝑎𝑇𝑇 [15]. In this work shift factors 𝑎𝑎𝑇𝑇 are determined by assuming the reference temperature 
𝑇𝑇0=296K. Then, the empirical constants are obtained as 𝐶𝐶1=0.71, 𝐶𝐶2=63.4 for PC and 𝐶𝐶1=1.02, 𝐶𝐶2=107.9 
for PDMS-PC. 
The fracture behavior can be predicted for the wide range of impact speed under various temperatures from 
the master curve. The validity of the master curve is examined by comparing the results with those obtained 




              (8) 
 
<Insert Fig.B2 Here> 
 
Appendix C: How to express the strain rate at the notch root  
 
                               
In previous studies, the impact strength of polycarbonate was considered in high speed tensile test [15, 
16]. Then, the strain rate distribution was considered at the minimum cross section similar to the stress 
concentration factor, which is usually defined at the minimum section. However, in this case, it is necessary 
to calculate the nominal strain rate 𝜀𝜀?̇?𝑛𝑛𝑛𝑚𝑚 at the minimum section from the strain rate distribution when the 
maximum strain rate 𝜀𝜀?̇?𝑚𝑚𝑚𝑚𝑚 occurs at the notch root. Therefore, the previous strain rate concentration factor 
can be defined as 𝐾𝐾𝑡𝑡?̇?𝜀 = 𝜀𝜀?̇?𝑚𝑚𝑚𝑚𝑚/𝜀𝜀?̇?𝑛𝑛𝑛𝑚𝑚 [15].  
Table C1 shows mechanical properties of polycarbonate. Fig. C1 (a) shows the strain rate 𝜀𝜀?̇?𝑚𝑚𝑚𝑚𝑚(𝑡𝑡) at 
the notch root at the time t. Here, the nominal strain rate 𝜀𝜀?̇?𝑛𝑛𝑛𝑚𝑚(𝑡𝑡) is also shown, which is obtained from 
the strain rate distribution. Fig. C1 (b) shows 𝐾𝐾𝑡𝑡?̇?𝜀 (= 𝜀𝜀?̇?𝑚𝑚𝑚𝑚𝑚/𝜀𝜀?̇?𝑛𝑛𝑛𝑚𝑚) obtained from 𝜀𝜀?̇?𝑚𝑚𝑚𝑚𝑚 and 𝜀𝜀?̇?𝑛𝑛𝑛𝑚𝑚. Those 
results are obtained from the flat notched specimen having the parallel part length l=50mm, the width 
W=10mm, the notch root radius ρ=0.2mm, the notch depth t=2.5mm and the notch opening angle ω=90°. 
Fig. C1 (b) shows 𝐾𝐾𝑡𝑡?̇?𝜀(𝑡𝑡) at each time t. Here, 𝐾𝐾𝑡𝑡?̇?𝜀(𝑡𝑡)＝20.8 is different for ρ＝0.03mm and 𝐾𝐾𝑡𝑡?̇?𝜀(𝑡𝑡)＝
8.65 is also different for ρ＝0.2mm. It is seen that 𝐾𝐾𝑡𝑡?̇?𝜀(𝑡𝑡) is always constant regardless of the time.   
 
<Insert Table C1 Here> 
<Insert Fig.C1 Here> 
 
In those previous results, the strain rate concentration factor was defined as 𝐾𝐾𝑡𝑡?̇?𝜀 = 𝜀𝜀?̇?𝑚𝑚𝑚𝑚𝑚/𝜀𝜀?̇?𝑛𝑛𝑛𝑚𝑚. This 
definition has some problems, since although the strain rate concentration factor 𝐾𝐾𝑡𝑡?̇?𝜀  is known for the 
specimen geometry used in experiments, the nominal strain rate 𝜀𝜀?̇?𝑛𝑛𝑛𝑚𝑚 at the minimum section is necessary 
to obtain the maximum strain rate at the notch root 𝜀𝜀?̇?𝑚𝑚𝑚𝑚𝑚. The strain rate distribution of the minimum section 
varies depending on the notch shape, and it is not easy to calculate 𝜀𝜀?̇?𝑛𝑛𝑛𝑚𝑚. Regarding the stress concentration 
factor, the nominal stress 𝜎𝜎𝑛𝑛𝑛𝑛𝑚𝑚 of Fig. C2 (a) can be easily obtained from the applied load. However, the 
nominal strain rate 𝜀𝜀?̇?𝑛𝑛𝑛𝑚𝑚 of Fig. C2 (b) has to be calculated by integrating the distribution, obtaining the 
average value.  
 
<Insert Fig.C2 Here> 
 
In this paper, the strain rate generated in the smooth specimen was considered as a reference value instead 
of the strain rate distribution at the minimum cross section. In other words, the strain rate concentration 
factor was newly defined in section 3.1 as the ratio of the maximum strain rate of the notched specimen and 
                               
the strain rate of the smooth specimen.  
Fig. C3 shows the relationship between the strain rate of the smooth specimens with different lengths: l=25，
50，100mm. As it is shown in Fig. C3, the strain rate of the smooth specimen increases proportionally to 
the tensile speed as it is shown in the equation (3).  
𝑢𝑢(𝑡𝑡)/𝑡𝑡  is the tensile speed assuming that 𝑢𝑢(𝑡𝑡) is proportional to the time, 𝑙𝑙  is the length of the 
specimen, and 𝑡𝑡  is the time. Fig. C3 also shows the strain rates for the notched and smooth 
specimens  ?̇?𝜀𝑛𝑛𝑛𝑛𝑡𝑡𝑐𝑐ℎ,  ?̇?𝜀𝑝𝑝𝑚𝑚𝑛𝑛𝑛𝑛𝑡𝑡ℎ and the strain rate concentration factor 𝐾𝐾𝑡𝑡?̇?𝜀 is defined from equations (4), (5). 
Here, the geometries of the notched and smooth specimens are indicated in Fig.C1. The notched flat 
specimen has a notch root radius of ρ＝0.2mm.  
As it is shown in Fig.C1, the strain rates for the notched and smooth specimens increase in proportion to 
the tensile speed, so the ratio 𝐾𝐾𝑡𝑡?̇?𝜀 does not depend on the tensile speed, and it is always constant. Therefore, 
if the strain rate concentration factor 𝐾𝐾𝑡𝑡?̇?𝜀 is known, which is defined as the ratio of the notched specimen 
and the smooth specimen as it is shown in equation (5), the strain rate at the notch root can be obtained from 
the tensile speed 𝑢𝑢(𝑡𝑡)/𝑡𝑡 , and from the strain rate concentration factor 𝐾𝐾𝑡𝑡?̇?𝜀. Noted that as it is shown in 
Fig.C3, the strain rate concentration factor 𝐾𝐾𝑡𝑡?̇?𝜀 depends on the specimen length 𝑙𝑙/𝐷𝐷, on the contrary to the 
net stress concentration factor 𝐾𝐾𝑡𝑡. 
 






                               
Figures 
 
Fig. 1 High speed tensile test. 
Fig. 2 Analytically used stress-strain relationship for 
polycarbonate under various tensile speeds. 
Fig. 3 Analysis model. 
(c) Notch root detail (b) FEM model  (a) Geometry of specimen 
                               
 
Fig. 4 Loading conditions. 
(a) Elastic-plastic strain rate at notch root A in Case ③ (b) Elastic strain rate at notch root A in Case ③ 
Fig. 5 Strain rate at notch root A for ρ=0.2mm. 
 
Fig. 6 Elastic-plastic maximum strain rate 𝜀𝜀?̇?𝑚𝑚𝑚𝑚𝑚𝐸𝐸−𝑃𝑃 in comparison 
with elastic maximum strain rate vs. quasi-static stress 
  
Quasi static stress rate 
  
                               
 
Fig.7 Experimentally stress-strain curves at 243K in various deformation rates 
of PC.  
Nominal strain 𝜀𝜀𝑛𝑛𝑛𝑛𝑚𝑚 %  (𝜀𝜀𝑛𝑛𝑛𝑛𝑚𝑚 = ∆𝐿𝐿 𝐿𝐿⁄ ,  L = 50 mm) 
(b) 243K(brittle fracture) (a) 296K(ductile fracture) 
Fig. 8 SEM micrographs of PC fracture surface at tensile speed of 3500mm/s. 
(b) PDMS- PC 
Fig. 9  Relationship between nominal fracture strain obtained by experiment and 
notch root strain rate at various temperatures for PC and PDMS-PC. 
(a)  PC 
                               
 
(a)  Master curve based on elastic analysis 
(b) Master curve based on elastic plastic analysis 
Fig. 10 Master curves of nominal fractured strain  𝜀𝜀𝑏𝑏 of PC expressed in terms of reduced strain 
rate to predict ductile or brittle fracture. 
Fig. 11 Master curves of nominal fractured strain  𝜀𝜀𝑏𝑏  of PDMS- PC expressed in terms of 
reduced strain rate to predict ductile or brittle fracture. 
(b) Master curve based on elastic plastic analysis 
(a) Master curve based on elastic analysis 
Fig. 12 Stress strain curve for elastic model and elastic-plastic 
 
                               
 
Fig.13 Geometry of specimens. (Dimensions: mm) 
 
(a) Notched specimen (Dimensions : mm)  (b) Flat specimen (Dimensions : mm) 
(a) 𝐾𝐾𝑡𝑡?̇?𝜀 and 𝐾𝐾𝑡𝑡∗ for specimen which 
t=0.0625mm (2𝑡𝑡 𝐷𝐷⁄ =0.015625) 
(c) 𝐾𝐾𝑡𝑡?̇?𝜀 and 𝐾𝐾𝑡𝑡∗ for specimen which 
t=1mm(2𝑡𝑡 𝐷𝐷⁄ =0.25) 
Fig.14  Strain rate concentration factor 𝐾𝐾𝑡𝑡?̇?𝜀   and stress concentration factor  𝐾𝐾𝑡𝑡∗  under different 
length. 
(d) 𝐾𝐾𝑡𝑡?̇?𝜀  and 𝐾𝐾𝑡𝑡∗ for specimen which 
t=2mm(2𝑡𝑡 𝐷𝐷⁄ =0.5) 
(b) 𝐾𝐾𝑡𝑡?̇?𝜀  and 𝐾𝐾𝑡𝑡∗ for specimen which t=0. 
25mm (2𝑡𝑡 𝐷𝐷⁄ =0.0625) 
                               
 
(a) 𝐾𝐾𝑡𝑡?̇?𝜀  and 𝐾𝐾𝑡𝑡∗  for specimen which t=2 for 
both round and plate specimen 
Fig.15 The comparison between round specimen and plate specimen under different length.  
(b) 𝐾𝐾𝑡𝑡?̇?𝜀 and 𝐾𝐾𝑡𝑡∗ for specimen which t=2 
for both round and plate specimen 
(a) Relationship between 𝐾𝐾𝑡𝑡?̇?𝜀 and .2t/D 
when l/D=5 
  
(b) Relationship between 𝐾𝐾𝑡𝑡 
and .2t/D when l/D=5 
  Fig.16 𝐾𝐾𝑡𝑡?̇?𝜀 vs.2t/D and 𝐾𝐾𝑡𝑡 vs.2t/D when l/D=5. (l=40mm, D=8mm) 
Fig.17 Relationship between 𝐾𝐾𝑡𝑡?̇?𝜀 𝐾𝐾𝑡𝑡⁄  and 2𝑡𝑡 𝐷𝐷⁄  
when l/D=5 (l=40mm, D=8mm) 
 
Fig.18 Relationship between 𝐾𝐾𝑡𝑡?̇?𝜀/𝐾𝐾𝑡𝑡∗  and 
2𝑡𝑡 𝐷𝐷⁄  when l/D=5 (l=40mm, D=8mm) 
 
                               
 
(b) Elastic-plastic dynamic stress at notch root 
A vs. time under plane strain for ρ=0.2mm 
(d) Elastic-plastic dynamic 




dynamic stress under 
plane stress in case③ 
 
(a) Elastic-plastic dynamic stress at notch root A 
vs. time under plane stress for ρ=0.2mm 
Fig.A1 Dynamic stress at notch root A for ρ=0.2mm. 
(e) Elastic dynamic stress in case ③ 






(a) Elastic-plastic dynamic maximum stress vs. 
tensile speed. 
Fig.A2 Dynamic maximum stress vs. tensile speed. 
(b) Elastic dynamic maximum stress vs. tensile 
speed. 
(a) Case ①，②，③ under plane stress (b) Case ④，⑤ under  plane stress 
(c) Case ①，②，③ under  plane strain 
Fig.A3 Strain rate at notch root A for 𝜌𝜌 = 0.2𝑚𝑚𝑚𝑚. 
(d) Case ④, ⑤ under plane strain 
                               
 
(a) Elastic-plastic maximum strain rate vs. tensile 
speed. 
(b) Elastic maximum strain rate vs. tensile speed. 
Fig. A4 Maximum strain rate vs. tensile speed. 
  
(a)  PC (b) PDMS- PC 
Fig. B1 Relationship between nominal fracture strain 𝜀𝜀𝑏𝑏 obtained by experiment and elastic 
notch root strain rate 𝐾𝐾𝑡𝑡𝜀𝜀 ∙ 𝜀𝜀?̇?𝑛𝑛𝑛𝑚𝑚 at various temperatures for PC and PDMS-PC. 
(a)  PC (b) PDMS- PC 
Fig. B2 Master curves of the nominal fractured strain 𝜀𝜀𝑏𝑏 of PC and PDMS-PC expressed in terms of 
reduced strain rate 𝑎𝑎𝑇𝑇 ∙ 𝐾𝐾𝑡𝑡𝜀𝜀 ∙ 𝜀𝜀?̇?𝑛𝑛𝑛𝑚𝑚 based on elastic analysis to predict ductile or brittle fracture. 
                               
 
Fig.C1 Constancy of strain rate concentration factor.  
(a) Maximum strain rate and nominal strain 
 
(b) Strain rate concentration factor 
Fig.C2 Nominal stress 𝜎𝜎𝑛𝑛𝑛𝑛𝑚𝑚 and nominal strain rate 𝜀𝜀?̇?𝑛𝑛𝑛𝑚𝑚.  
(a) 𝐾𝐾𝑡𝑡 = 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚/𝜎𝜎𝑛𝑛𝑛𝑛𝑚𝑚 (b) 𝐾𝐾𝑡𝑡?̇?𝜀 = 𝜀𝜀?̇?𝑚𝑚𝑚𝑚𝑚/𝜀𝜀?̇?𝑛𝑛𝑛𝑚𝑚 
Fig.C3 𝐾𝐾𝑡𝑡?̇?𝜀 = 𝜀𝜀?̇?𝑛𝑛𝑛𝑡𝑡𝑐𝑐ℎ/𝜀𝜀?̇?𝑝𝑚𝑚𝑛𝑛𝑛𝑛𝑡𝑡ℎ vs. tensile speed for different specimen length l. 
                               
Tables 
Table 1 Displacement u(t) at the fixed end 








(mm) 1.5 1.5 1.5  1.5  1.5  
Tensile speed 𝑢𝑢/𝑡𝑡 (mm/s) 

































1.00 8 1.917 1.151 2.944 1.601 4.595 2.017 5.011 2.039 
1.25 10 1.944 1.300 2.985 1.626 4.760 2.101 5.522 2.178 
1.5 12 1.964 1.314 3.016 1.644 4.864 2.155 5.658 2.294 
1.75 14 1.978 1.324 3.038 1.657 4.936 2.192 5.990 2.390 
2 16 1.987 1.330 3.052 1.665 4.989 2.220 6.153 2.469 
2.5 20 1.994 1.335 3.064 1.673 5.061 2.258 6.400 2.592 
3.5 28 1.994 1.335 3.068 1.676 5.133 2.299 6.627 2.751 
5(JIS) 40 1.992 1.333 3.067 1.676 5.185 2.330 6.832 2.885 
6.25 50 1.991 1.333 3.067 1.676 5.209 2.345 7.025 2.938 
10 80 1.991 1.332 3.067 1.677 5.246 2.368 7.231 3.060 
40 320 1.989 1.331 3.066 1.677 5.294 2.396 7.506 3.204 
80 640 1.988 1.331 3.066 1.677 5.302 2.401 7.554 3.229 
160 1280 1.988 1.331 3.066 1.678 5.307 2.403 7.578 3.242 
320 2560 1.988 1.331 3.066 1.677 5.308 2.404 7.590 3.249 
640 5120 1.988 1.331 3.066 1.677 5.309 2.405 7.597 3.252 
1280 10240 1.988 1.331 3.066 1.678 5.309 2.405 7.600 3.253 
2560 20480 1.988 1.331 3.066 1.677 5.310 2.406 7.601 3.254 
 
Table 3 Strain rate concentration factor and the net stress concentration factor when l/D=5 
Table 2 Strain rate concentration factor 𝐾𝐾𝑡𝑡?̇?𝜀 under different length and D=8mm in Fig.13(a) 
        : less than 1% difference 
                               
(l=40mm, D=8mm) 
2𝑡𝑡 𝐷𝐷⁄  
𝐾𝐾𝑡𝑡?̇?𝜀 𝐾𝐾𝑡𝑡 
2𝜌𝜌 𝐷𝐷⁄ =0.0625 2𝜌𝜌 𝐷𝐷⁄ =0.1 2𝜌𝜌 𝐷𝐷⁄ =0.5 2𝜌𝜌 𝐷𝐷⁄ =0.0625 2𝜌𝜌 𝐷𝐷⁄ =0.1 2𝜌𝜌 𝐷𝐷⁄ =0.5 
0.00 1.000 1.000 1.000 1.000 1.000 1.000 
0.25 5.185 4.240 2.330 3.986 3.271 1.806 
0.50 6.832 5.498 2.885 3.805 3.089 1.629 
0.75 8.879 6.467 3.843 2.830 2.299 1.302 
0.90 12.206 10.080 6.342 1.871 1.569 1.124 
→1.00 →∞ →∞ →∞ →1.000 →1.000 →1.000 
 
Table 4 The ratio of the strain rate concentration factor to the stress concentration factor when 
l/D=5 (l=40mm, D=8mm) 
2𝑡𝑡 𝐷𝐷⁄  
𝐾𝐾𝑡𝑡?̇?𝜀 𝐾𝐾𝑡𝑡⁄  𝐾𝐾𝑡𝑡?̇?𝜀 𝐾𝐾𝑡𝑡∗⁄  
2𝜌𝜌 𝐷𝐷⁄ =0.0625 2𝜌𝜌 𝐷𝐷⁄ =0.1 2𝜌𝜌 𝐷𝐷⁄ =0.5 2𝜌𝜌 𝐷𝐷⁄ =0.0625 2𝜌𝜌 𝐷𝐷⁄ =0.1 2𝜌𝜌 𝐷𝐷⁄ =0.5 
0.00 1.000 1.000 1.000 1.000 1.000 1.000 
0.25 1.301 1.299 1.290 0.976 0.975 0.968 
0.50 1.796 1.780 1.771 0.898 0.890 0.886 
0.75 3.137 3.096 2.952 0.784 0.774 0.738 
0.90 6.524 6.424 5.642 0.652 0.642 0.564 
→1.00 →∞ →∞ →∞ →0.000 →0.000 →0.000 
 
Table 5 Stress concentration factor and strain rate concentration factor when 2𝑡𝑡/𝐷𝐷 = 0.015625,






























𝑙𝑙 (mm) 𝑙𝑙 𝐷𝐷⁄  
𝐾𝐾𝑡𝑡 1~∞ 8~∞ 1.963 1.313 2.877 1.574 3.986 1.806 3.805 1.629 
𝐾𝐾𝑡𝑡∗ = 𝐾𝐾𝑡𝑡 ∙ (𝐷𝐷 𝑑𝑑⁄ ) 1~∞ 8~∞ 1.994 1.334 3.069 1.679 5.315 2.408 7.610 3.258 
𝐾𝐾𝑡𝑡?̇?𝜀/𝐾𝐾𝑡𝑡 5 40 1.015 1.015 1.066 1.065 1.301 1.290 1.796 1.771 
𝐾𝐾𝑡𝑡?̇?𝜀/𝐾𝐾𝑡𝑡∗ 5 40 0.999 0.999 0.999 0.998 0.976 0.968 0.898 0.886 
 
Table 6 Effect of notch opening angle 𝜔𝜔 when 2𝑡𝑡 𝐷𝐷⁄ = 0.5, 𝑡𝑡 𝜌𝜌⁄ = 25 
(𝑡𝑡 = 5 mm,𝜌𝜌 =  0.2 mm, 𝑙𝑙 = 50 mm,𝐷𝐷 = 20 mm) 
𝜌𝜌=0.2mm 
t=5mm 𝜔𝜔 = 0° 𝜔𝜔 = 45° 𝜔𝜔 = 60° 𝜔𝜔 = 90° 
𝐾𝐾𝑡𝑡 
































𝐾𝐾𝑡𝑡?̇?𝜀/𝐾𝐾𝑡𝑡 1.666 1.668 1.665 1.660 
𝐾𝐾𝑡𝑡?̇?𝜀/𝐾𝐾𝑡𝑡∗ 0.833 0.834 0.833 0.830 
 
                               
 Table C1 Mechanical properties implemented  
in accordance with JIS K 7161 and 7162 
Material Yield stress 𝜎𝜎y MPa 
Stress at break 
𝜎𝜎b MPa 
Stiffness E GPa Nominal strain at Break 𝜀𝜀𝑏𝑏  % (Gauge length=115mm) 
PC 62 73 2.3 111 
